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ABSTRACT
Aggregation of dust through sticking collisions is the first step of planet formation. Basic
physical properties of the evolving dust aggregates strongly depend on the porosity of the aggre-
gates, e.g. mechanical strength, thermal conductivity, gas-grain coupling time. Also the outcome
of further collisions depends on the porosity of the colliding aggregates. In laboratory experiments
we study the growth of large aggregates of ∼ 3 mm to 3 cm through continuous impacts of small
dust agglomerates of 100 µm size, consisting of µm grains at different impact velocities. The
experiments show that agglomerates grow by direct sticking as well as gravitational reaccretion.
The latter can be regarded as suitable analog to reaccretion of fragments by gas drag in proto-
planetary disks. Experiments were carried out in the velocity range between 1.5 m/s and 7 m/s.
With increasing impact velocities the volume filling factor of the resulting agglomerates increases
from φ = 0.2 for 1.5 m/s to φ = 0.32 for 7 m/s. These values are independent of the target
size. Extrapolation of the measured velocity dependence of the volume filling factor implies that
higher collision velocities will not lead to more compact aggregates. Therefore, φ = 0.32 marks a
degree of compaction suitable to describe structures forming at v > 6m/s. At small collision ve-
locities below 1 m/s highly porous structures with φ ≈ 0.10 will form. For intermediate collision
velocities porosities vary. Depending on the disk model and resulting relative velocities, objects
in protoplanetary disks up to dm-size might evolve from highly porous (φ ≈ 0.10) to compact
(φ = 0.32) with a more complex intermediate size range of varying porosity.
Subject headings: Protoplanetary disk, planet formation, planetesimals, coagulation
1. Introduction
Coagulation of dust particles by mutual colli-
sions is a fundamental process occuring in pro-
toplanetary disks. It marks the first steps of
planet formation. The formation of millime-
ter size aggregates from micron-sized dust par-
ticles proceeds rapidly. As collision velocities in
this range are small and particles stick together
easily, the growth of aggregates is indisputable
(Blum & Wurm 2008; Dominik & Tielens 1997).
With increasing particle size, also the relative ve-
locities between particles increase and velocities
reach values up to 60 m/s for meter size bodies or
even more, eventually (Weidenschilling & Cuzzi
1993; Brauer et al. 2008). With increasing ve-
locities collision results become more complex
and compaction, fragmentation and rebound are
typical outcomes (Gu¨ttler et al. 2010; Zsom et al.
2010). How the formation of larger objects pro-
ceeds from here is not settled yet. One way might
be a continuous process of sticking collisions. Ex-
perimental studies show that under certain con-
ditions growth is still possible even in the high
velocity range with velocities of up to 60 m/s
(Teiser & Wurm 2009a; Wurm et al. 2005b). In
fact fragmentation assists growth at high speed
impacts, as a large amount of the impact en-
ergy is dissipated by fragmentation. The exper-
iments were – somewhat arbitrarily – based on
collisions into compact targets with volume fill-
ing factors of 33%. The volume filling factor is
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defined as the ratio between the volume filled by
dust to the total volume of a dust aggregate or
φ = ρagg/ρmaterial where ρagg is the density of
the aggregate and ρmaterial is the density of the
used material. However, the mechanical proper-
ties of the target bodies determine the outcome of
a collision and the mechanical properties of dust
agglomerates are tied to the volume filling factor
of the aggregates (Beitz et al. 2011; Wurm et al.
2005a; Paraskov et al. 2007).
Beyond direct sticking, several authors propose
different instability and gravity driven trapping
and concentration scenarios to form planetesi-
mals or even larger bodies (Johansen et al. 2007;
Johansen & Youdin 2007; Youdin & Johansen
2007). These mechanisms strongly depend on
the gas-grain coupling times of large aggregates.
The gas-grain coupling time depends on the mass
over surface ratio. That means that the particle
size for which these mechanisms work depends on
the porosity, so porosity is also important in this
context.
The basic question behind this work there-
fore is how porosities evolve through the colli-
sional history of growing aggregates. Initially dust
growth proceeds as fractal growth (Blum & Wurm
2008, 2000; Wada et al. 2008; Suyama et al. 2008).
With increasing particle size the collision velocities
increase and particles become compacted during
collisions (Blum & Wurm 2000; Weidling et al.
2009; Paraskov et al. 2007; Kothe et al. 2010).
According to Weidenschilling (1997), decimeter
bodies gain most of their mass by accretion of
small (50 to 100 µm) particles at collision ve-
locities of about 10 m/s. Therefore, the basic
process which we simulate in laboratory exper-
iments, reported here, is that a body grows by
continuous impacts of aggregates in this size range
(∼ 100µm).
In a first experimental study of this kind
Teiser & Wurm (2009b) investigated the struc-
ture of evolving decimeter size bodies, which form
by multiple impacts of small particles at colli-
sion velocities of 7.7 m/s. They showed that dust
agglomerates forming by direct sticking and reac-
cretion have a constant volume filling factor of
φ = 0.31 ± 0.02. The collision history is erased
during this growth. Independent of the special
morphology of the surface after an impact, the top
layer is compacted to the same level by following
impacts for targets of mm to cm size. The experi-
ments by Teiser & Wurm (2009b) were performed
with one collision velocity only to determine the
properties of decimeter aggregates. Smaller bodies
are expected to form at lower impact speed though
and the porosities might evolve differently. Just
how the dependency of the volume filling factor
on collision velocity looks like has been unclear.
Kothe et al. (2010) found a rather strong increase
of the volume filling factor with collision velocity
for multiple impacts. However, their projectiles
were larger (mm), highly porous, did always hit
the same spot and consisted of spherical particles.
This situation is different for aggregates build-
ing a surface in a random way through collisions
as in Teiser & Wurm (2009b). Within this work
we present experiments in analogy to our earlier
study in Teiser & Wurm (2009b) forming bod-
ies by multiple impacts of small particles but for
varying velocities, which we regard as a possible
scenario how macroscopic bodies evolve by accre-
tion of small particles at typical collision speeds
between 1.5 m/s and 7 m/s.
2. Experimental aspects
2.1. Methods
The experiments are carried out with a simi-
lar method as the experiments already described
by Teiser & Wurm (2009b). Small compact dust
agglomerates (∼ 33% volume filling factor) col-
lide with solid targets. The experimental setup is
shown in Fig. 1. The central part of the experi-
ment is a sieve with a mesh width of 250 µm and
a rotating stirrer inside. Due to the stirrer a con-
stant beam of dust agglomerates leaves the sieve
and is accelerated by gravity. The experiments are
carried out at pressures below 10−2 mbar to ne-
glect the influence of gas drag. The drop height is
adjustable between 0.1 m and 2.5 m, which leads
to impact velocities between 1.5 m/s and 7 m/s.
The collisions are observed with a video cam-
era (25 frames/s) and illuminated by a stroboscope
at a flash frequency of 500 Hz. Each frame there-
fore is a multiple exposure, so the particle tra-
jectories are directly visible. From the distance
between two particle images the impact velocities
can be derived directly with the known time inter-
val between two flashes of the stroboscope. Due
to the launch mechanism the projectiles have ver-
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camera
sieve
stroboscope
target
Fig. 1.— Experimental setup for multiple col-
lisions at impact velocities between 1.5 m/s and
7 m/s.
tical trajectories. The impact ejecta leave the tar-
get under varying angles. The horizontal (vx) and
the vertical (vz) component of the ejecta velocities
are determined by fitting parabolas to the trajec-
tories. Due to the vacuum only gravity (g) acts
on the ejected particles.
After the first impacts a dust cover forms on
any arbitrary substrate used as target. All fol-
lowing impacts are pure dust on dust collisions.
Targets grow by a combination of direct stick-
ing and reaccretion of ejecta due to gravity. The
latter can be regarded as analog for gas driven
reaccretion in protoplanetary disks (Wurm et al.
2001a,b). There, collisions between large dust ag-
gregates (few cm or larger) with small (∼ 100µm)
particles are induced by their different coupling
to the surrounding gas. Impact ejecta therefore
feel the relative motion of the larger body with
respect to the gas as head wind, which drives
them back to the target surface. Teiser & Wurm
(2009b) showed that gravity in the laboratory sim-
ulates the acceleration of impact fragments by the
gas drag very well, as it is of the same order.
While details of accretion efficiencies depend on
the target size and gas density the effect will also
be present in protoplanetary disks. In the exper-
iments we used metal cylinders of eight different
10 mm
5 mm
10 mm
3 mm
5 mm
10 mm
Fig. 2.— Examples for targets of different sizes,
which formed at 5.3 m/s (left column) and at 6.9
m/s (right column).
sizes as targets. Therefore, ejecta of a given veloc-
ity might be reaccreted on the large targets but
not on the smallest one. This way, we get a varia-
tion in the ratio between direct sticking and reac-
cretion of ejecta. The target sizes range from 3.2
mm to 36.6 mm in diameter.
The growing targets are very similar in their
shape. A collection of targets of different sizes and
grown at different impact velocities is shown in
Fig. 2. The targets can be described as cones with
their slopes decreasing to the top. To determine
the volume from the images, the projected surface
is analyzed. It is assumed that each target consists
of circular disks stacked upon each other, which
might be shifted with respect to each other. With
this assumption and with n circular disks with a
diameter dn and a thickness D, the volume of the
target can be calculated via
V = piD ·
∑
n
d2n
4
. (1)
For the analysis of the images, the thickness of
the disks is set to one pixel. For each target several
images from different sides are analyzed and this
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Fig. 3.— Velocitiy distributions of particles at dif-
ferent drop heights.
method is repeated for each image and for all eight
different targets.
2.2. Parameters
All experiments described in this work are car-
ried out with irregularly shaped quartz dust. The
sizes of single monomers range from 0.1 µm to
10 µm with 80% of the mass being between 1 µm
and 5 µm. The same dust material has already
been used in numerous experimental studies on
protoplanetary growth (Teiser & Wurm 2009a,b;
Wurm et al. 2005b).
The particles are launched with a sieve with a
mesh width of 250 µm, which is the same mesh
width used by Teiser & Wurm (2009b). Due to
the dimensions of the drop tube, the drop height
can be adjusted between 0.1 m and 2.5 m, which
leads to impact velocities between 1.5 m/s and 7
m/s. The projectiles have varying initial velocities
due to the launching process. Within this study
four different drop heights (0.1 m, 0.5 m, 1.5 m,
and 2.5 m) and therefore four impact velocities
have been analyzed. Fig. 3 shows the velocity dis-
tributions measured for the different drop heights.
The mean velocities and their standard deviations
have been determined as 1.511 m/s ± 0.075 m/s,
3.222 m/s ± 0.245 m/s, 5.327 m/s ± 0.299 m/s,
and 6.939 m/s ± 0.361 m/s for increasing drop
heights, respectively.
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Fig. 4.— Velocitiy distributions of impact ejecta
for the studied collision velocities.
3. Results
3.1. Coefficient of restitution
All collisions lead to a combination of direct
sticking and reaccretion of rebounded or ejected
aggregates due to gravity. Teiser & Wurm (2009b)
showed that the size distribution of the ejected
dust agglomerates does not vary significantly from
the initial size distribution though fragmentation
was observed upon impact. A large amount of
smaller fragments (few µm) form, but they con-
tribute only 5 % to the total fragment mass and
therefore are of minor importance. As we study
slower collisions here, we assume that this still
holds. The velocity distributions for impact ejecta
measured for the different impact velocities are
shown in Fig. 4.
The impact fragments are ejected from the im-
pact site in arbitrary directions. As the ejecta ve-
locities are derived from the images of only one
camera only one component of the horizontal ve-
locity of ejecta is measured. The complete hori-
zontal velocity of the impact ejecta consists of two
horizontal components and is therefore expected
to be larger than the measured values by a factor
of
√
2, assuming that both horizontal components
are the same.
As most mass of the ejecta is in particles compa-
rable in size to the impacting aggregates the col-
lisions might be characterized by a coefficient of
restitution, which we define as ξ = vejecta/vimpact.
For this both horizontal components of the ejecta
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Fig. 5.— Coefficient of restitution as determined
from the mean ejecta and impact velocities. The
data point marked grey has been determined by
Teiser & Wurm (2009b)
velociy are assumed to be the same on average due
to symmetry.
The velocities of the ejecta hardly change with
increasing impact velocities, as already shown in
Fig. 4. This means that the coefficient of resti-
tution decreases with impact velocity. The coeffi-
cient of restitution and its dependency on the col-
lision speed is shown in Fig. 5. Here, the mean
impact and ejecta velocities are used to calcu-
late the coefficient of restitution and the error-
bars are determined using the standard deviations
for the velocities. The grey marked data point
at v = 7.7 m/s is the result of the experiments by
Teiser & Wurm (2009b). With increasing impact
velocities obviously more kinetic energy is dissi-
pated, so the velocities of ejecta stay small. There
are two processes which might be responsible for
the increasing energy loss. One might be the for-
mation of a large number of very small fragments
as found in the size distribution by Teiser & Wurm
(2009b). However, these small fragments play only
a minor role for the total mass of the particle.
The other effect is internal restructuring of the im-
pacted target, which should lead to a lower poros-
ity of the evolving aggregates with increasing col-
lision velocity.
3.2. Porosities
The porosities have been determined for tar-
gets of (eight) different sizes, using images from
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Fig. 6.— Volume filling factor of the forming dust
agglomerates and its dependency on the impact
velocities. The data point marked grey has been
determined by Teiser & Wurm (2009b)
different perspectives for the volume determina-
tion as already described in section 2.1. The mean
porosities or volume filling factor (1 - porosity) of
the analyzed targets and their standard deviations
for each impact velocity are shown in Fig. 6. The
grey marked data point is the value determined by
Teiser & Wurm (2009b).
The volume filling factor of the forming dust ag-
gregates increases with the impact velocity. This
is expected, as the dynamic pressure of the collid-
ing projectiles increases with the impact velocity.
However, the volume filling factor saturates at im-
pact velocities above 5 m/s and reaches a constant
value of about φ = 0.32. The plotted curve in
Fig. 6 is a function similar to the Fermi-function,
which has already been used to charcterize the
compression behaviour of dust agglomerates by
Blum et al. (2006) and Gu¨ttler et al. (2009). This
function of the impact velocity vimp is given by
φ(vimp) = φmax −
φmax − φmin
exp
(
vimp−vmean
∆
)
+ 1
. (2)
Here, φmin is the minimum porosity for dust
samples prepared by sieving without any fur-
ther compression and is set to φmin = 0.13,
which is in agreement with previous studies by
Paraskov et al. (2007). The upper compression
limit is set to φmax = 0.32 according to the ex-
periments described here. This is close to the
maximum value achieved by local compression
5
as already proposed by Teiser & Wurm (2009a).
The other two parameters are adjusted to fit the
curve to the data points. Here, vmean describes
the velocity for which the mean value between
φmin and φmax is reached and is found to be
vmean = 2.7m/s. The other parameter describes
the steepness of the transition between the mini-
mum and the maximum volume filling and is found
to be ∆ = 0.9m/s. The compression with increas-
ing impact velocity obviously is well represented
by the used function.
4. Discussion
The saturation volume filling factor is much
larger than the volume filling factor feasible by
uni-directional compression as determined by
Blum et al. (2006). In that case the maximum
compression reachable with the dust material used
in this work is φ = 0.20± 0.1. This can be under-
stood as in our case the dust bed is much larger
than the impacting aggregates and the dust bed
surrounding the impact side provides support for
higher compression at the impact side. However,
at the same time higher filling factors are pro-
hibited as the target gets destroyed in the close
vicinity of the impact side if more pressure is ap-
plied which would lead to a pressure relief and
keep the porosity at a constant level.
It is quite clear that higher compression (higher
volume filling factors) in principle are possible, as
e.g. Gu¨ttler et al. (2009) measured a maximum
volume filling of φ = 0.58 but only if pressure is
applied to all sides of a target. The impact exper-
iments presented here suggest that the dynamic
pressure induced by incoming small projectiles is
neither uni-directional, nor omni-directional, but
somewhere between. This is in agreement with the
dust agglomerates used as targets and projectiles
in the collision studies by Wurm et al. (2005b) and
Teiser & Wurm (2009a).
The porosity in the exeriments by Kothe et al.
(2010) produced volume filling factors up to φ =
0.4 ± 0.06 at 6 m/s. A difference and possi-
bly a higher value for the saturation volume fill-
ing factor might result from the difference in
monomer choice. Spherical and monodisperse par-
ticles as used by Kothe et al. (2010) can be com-
pressed more easily. This has e.g. been shown
by experiments on uni-directional compression by
Blum et al. (2006). The limit in volume filling
factor found by Weidling et al. (2009) for spher-
ical particles was φ = 0.36. Within the error
bars the largest value by Kothe et al. (2010) is
still well above our saturation value. The poros-
ity dependence on collision velocity in the data by
Kothe et al. (2010) is steeper and they extrapo-
lated the data to volume filling factors of φ = 0.6
at about 10 m/s. Our experiments with irregular
shaped grains, which would be expected in proto-
planetary disks show, that the volume filling factor
levels off at much lower values and lower veloci-
ties. We therefore regard such highly compressed
targets as unlikely if an aggregate grows by addi-
tion of small aggregates and find that a value of
φ = 0.32 describes the volume filling factor of real-
istic arbitrarily shaped dust aggregates in a wide
range.
In the reported experiments the targets grow
by a combination of direct sticking and reaccre-
tion due to gravity. However, gravity in the lab-
oratory replaces the gas drag in protoplanetary
disks. Large dust aggregates move through the
disk and feel a constant head wind corresponding
to their drift and sedimentation speeds. Impact
ejecta are exposed to this head wind and are ac-
celerated back towards the target surface. This
acceleration can be treated as constant to the first
order and is given by a = v/τ with the wind speed
v and the coupling time τ . The wind speed is
equivalent to the collision velocitity. According to
Blum et al. (1996), the coupling time is given by
τ = 0.68
m
A
1
ρg · νg
. (3)
Here, ρg is the gas density, νg is the thermal
velocity of the gas molecules
given as
νg =
√
8RgasT
piµ
. (4)
Here, Rgas is the gas constant, µ = 2.34 g/mol
is the molar mass of the gas (mixture of hydro-
gen and helium), T is the gas temperature, and
m/A is the ratio between particle mass and the
cross section of the particle. For a spherical par-
ticle with a density ρp and a volume filling fac-
tor φ it is given as m/a = 4/3 · rρpφ. To esti-
mate the gas drag on the impact ejecta we use
6
a volume filling of φ = 0.32. The quartz dust
used has a density of ρ = 2.6 g/cm3. To estimate
the acceleration by the head wind we consider the
minimum mass solar nebula (MMSN) model by
Hayashi et al. (1985). The gas density is
ρg = 1.4× 10−6
(
R
1AU
)
−11/4
kg/m3 . (5)
and the temperature is
T = 280
(
R
1AU
)
−1/2
K . (6)
For a particle of 100 µm radius with the
given material parameters at 1 AU radial dis-
tance these equations lead to a coupling time of
about τ = 30 s. For the lowest collision velocity
(head wind velocity) of 1.5 m/s this leads to an
acceleration of a = 0.05 m/s2, which is smaller
than gravity in the laboratory by a factor of 200.
Therefore, the influence of reaccretion in a disk is
reduced. Nevertheless, reaccretion even of large
100 µm fragements for cm-size aggregates in pro-
toplanetary disk is still possible. This can be seen
from simple estimates of the distance traveled by
an ejected/rebounding aggregate before it hits a
surface again with the a given acceleration. A
particle launched from a surface with a vertical
velocity of 0.1 m/s (see Fig. 4) reaches the surface
again after a time of 2 · v/a or 4 s. If the particle
travels with the same horizontal velocity it hits
the surface a second time at a distance of 40 cm
from the launch site.
In a MMSN collision velocities of 1.5 m/s cor-
respond to a particle size of about 2 cm, ac-
cording to Weidenschilling & Cuzzi (1993) and
Sekiya & Takeda (2003). Therefore, the consid-
ered particle will not be reaccreted but misses the
target and is transported away. This might not
support the idea of reaccretion but we started with
the typical values on purpose to show that even
for the average particle the average acceleration is
only a factor of 200 to low. We clearly note that
the influence of reaccretion depends on the gas
density, ejecta size and ejecta velocity. The val-
ues above have been determined for the MMSN
by Hayashi et al. (1985). Other disk models, like
e.g. developed by Brauer et al. (2008) or by Desch
(2007), give slightly different values, as they use
different density and temperature profiles for their
disk models. For particles at 1 AU radial distance
to the protostar the gas densities and temperature
profiles given by Brauer et al. (2008) or by Desch
(2007) will lead to different coupling times. In case
of the model by Brauer et al. (2008) no reaccretion
by gas drag will occur, as the gas density in this
model is very small and leads to a coupling time
of τ = 1 h. On the other hand, the disk model
by ? gives a much denser disk and leads to a cou-
pling time of τ = 1.2 s for a dust agglomerate of
100µm in size at 1 AU. This is already sufficient
for reaccretion, as the traveling distance is already
reduced to 1.6 cm, which will already enable small
bodies to reaccret material by gas drag.
Additionally, the radial distance to the central
star is also very important for the reaccretion pro-
cess. In case of a radial distance of 0.5 AU, the
coupling time of a 100 µm dust agglomerate is
only 4.2 s in the MMSN by Hayashi et al. (1985).
This already reduces the traveling time of ejected
fragments to 0.36 s, which leads to a travelled dis-
tance of 5.6 cm for a fragment of 100 µm in size.
In case of smaller fragments (10 µm) this distance
can easily be reduced to values of 5 mm. In this
case reaccretion of impact ejecta will work more
efficiently.
Growth has been observed on targets of differ-
ent sizes with diameters in the range between 3.2
mm and 35 mm and the resulting volume filling is
qualitatively the same. With a typical horizontal
velocity of 0.1 m/s and a typical size of 100 µm,
ejecta will travel 2 mm before lading on the target
surface again. The horizontal velocities typically
are larger than the measured horizontal comonent
due to projection effects (only one camera). The
assumption of 0.1 m/s is therefore rather low and
ejecta will travel further than 2 mm. This leads
to the conclusion that the amount of reaccreted
particles is significantly smaller for the small (3.2
mm) targets than for the larger ones. Similar ex-
periments by Teiser & Wurm (2009b) show similar
results. Their experiments showed that aggregates
growing on a thin glass edge (1.1 mm thick) have
the same volume filling as agglomerates growing
within a beaker or on the outer shell of a rotat-
ing cylinder. Teiser & Wurm (2009b) showed that
there is no qualitative difference between com-
plete reaccretion (beaker), small amount of reac-
cretion (glass edge) or no reaccretion (rotating
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cylinder). It was shown in previous experiments
(Wurm et al. 2001a,b) that reaccretion of small
particles does not only work in the molecular flow
regime in which the streamlines are directed to the
target surface, but also in the transition regime
between the molecular flow regime and the hydro-
dynamic regime. Reaccretion was found to be an
efficient mechanism for growth of dust agglomer-
ates.
The target shapes give evidence that direct
sticking and reaccretion occur for all target sizes,
as all grown targets have the same cone shape,
independent of the target size or the impact ve-
locity (Fig. 2). Teiser & Wurm (2009b) devel-
oped a toy model for target growth by reaccre-
tion. They showed that the probability for reac-
cretion is largest at the center of a target and be-
comes smaller to the edges. The result is a shape
which is found in all our collision experiments of
this type, as already shown in Fig. 2. The dis-
tance travelled by ejecta before hitting a second
time can be reduced easily by a factor of 20 by
considering either slightly smaller particles (pro-
jectile fragmentation), slightly smaller ejecta ve-
locities, or slightly larger gas densities. The first
two are present in the size and velocity distribu-
tions (Teiser & Wurm (2009b), Fig. 4) . The gas
density is certainly higher and high enough for ac-
creting almost all ejecta slighly inwards of 1 AU.
So growth of cm aggregates to larger aggregates
will occur if smaller aggregates are present.
The influence of the target size and the ratio be-
tween directly sticking aggregates and reaccreted
ejecta at different velocities on the resulting vol-
ume filling is analyzed in Fig. 7. No significant
dependency between the target size and the mea-
sured volume filling factor can be determined for
any collision velocity, which is in agreement with
the results by Teiser & Wurm (2009b). The ob-
served porosities therefore can be regarded as uni-
versal being independent of the target size but
only depending on the collision velocity.
5. Conclusions
Within this work the self consistent growth
of macroscopic dust agglomerates by accretion of
small dust aggregates has been analyzed. Exper-
iments were carried out to bridge the size range
between sub-mm particles and the decimeter size
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Fig. 7.— Mean volume filling factor and its de-
pendency on the target sizes for the four collision
velocities.
range, which is critical for a variety of growth
models. In general we conclude that the reacccre-
tion by gas drag and therfore the growth efficiency
might vary strongly for different locations in disks,
but that the growth of larger aggregates is pos-
sible in a growth model where sub-mm particles
impact a growing aggregate. Together with ear-
lier experiments by Teiser & Wurm (2009a) and
Wurm et al. (2005b) we find that growth is possi-
ble up to collision velocities of at least 60 m/s.
In detail, the specific experimental results of
this work are:
• Dust agglomerates of a few centimeters in
size or larger grow by a combination of direct
sticking and reaccretion, if they are exposed
to multiple impacts of sub-mm particles.
• Reaccretion by gas drag can aid protoplane-
tary growth efficiently.
• Large aggregates have a maximum volume
filling of about φ = 0.32. Although the
evolving dust agglomerates become more
compact when the impact velocities increase,
a saturation is reached for impact velocities
of more than 5 m/s.
• The coefficient of restitution decreases with
increasing impact velocities in the studied
velocity regime up to about 8 m/s as the
ejecta velocity is essentially independent of
8
the impact velocity. The energy is dissipated
by compaction of the target surface and by
projectile fragmentation.
We appreciate funding by the Deutsche Forschungs-
gemeinschaft within the frame of the research
group FOR 759.
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